Spatially resolved profile measurements, Raman spectroscopy, electron microscopy, and microkinetic modeling have been used to study the catalytic partial oxidation of methane on Pt. The measured species profiles through Pt coated foam catalysts exhibit a two-zone structure: an abrupt change in reaction rates separates the fast exothermic oxidation chemistry at the entrance of the reactor from the slow endothermic reforming chemistry. Spatially resolved Raman spectroscopy and electron microscopy confirm that the position of the mechanistic change could be correlated with Pt transportation and formation of carbonaceous deposits blocking the majority of active Pt sites in the reforming zone. The species profiles were simulated using a pseudo-2D heterogeneous model, which includes heat and mass transport limitations, and two state-of-the-art chemical kinetic mechanisms. Although both mechanisms are in quantitative agreement with the oxygen profiles, the two mechanisms differ substantially in their predictions of the branching ratio between partial and complete oxidation, as well as surface site coverages. The experimentally observed change in reaction rates is attributed to carbon formation, which the mechanisms are unable to reproduce, since they do not include carbon-carbon coupling reactions.
Introduction
Methane steam reforming (Eq. 1) is currently the dominant technology for synthesis gas production [1] . The process is highly endothermic, and industrial production requires large and capital-intensive operations. Catalytic partial oxidation (CPO) of methane (Eq. 2) is an attractive alternative, since it is slightly exothermic and considerably faster, with nearly equilibrium yields in synthesis gas within millisecond contact times [2] [3] [4] [5] , possibly in autothermal operation.
CH4 + H2O → CO + 3H2 ∆rH = +206kJ mol The global mechanism by which methane is oxidized to synthesis gas on noble metal catalysts is frequently debated in the literature. One school of thought suggests that the mechanism must be a two-step process that consists of initially highly exothermic methane complete oxidation (Eq. 3) followed by endothermic reforming reactions, i.e. steam (Eq. 1) and dry reforming (Eq. 4). The main argument is a commonly observed steep temperature gradient over the catalyst bed [6, 7] . Investigations of product selectivities demonstrated that the CO 2 and H 2 O selectivity increased with simultaneous synthesis gas loss by either increasing the space velocity or increasing the O 2 /CH 4 ratio [7] [8] [9] . Additionally, transient experiments did not indicate a direct reaction pathway [10] [11] [12] . In contrast, authors proposed a single step process. Experiments on Pt and Pt/10 % Rh meshes and millisecond contact time suggest a direct reaction pathway, as the increasing synthesis gas selectivity with decreasing contact time cannot be explained by the two step mechanism [5, [13] [14] [15] . Due to the exothermicity and rapidness of catalytic methane oxidation, differential reactant conversion cannot be achieved; furthermore, irreducible transport limitations exist under these conditions. Consequently, classical kinetic studies by contact time variations are nearly impossible, since changing flow rates leads to unclear transport characteristics and hot spot formation. Furthermore, discussions that rely on global mechanism descriptions can be misleading, since in reality the catalytic partial oxidation of methane is neither a single-step nor two-step process, but a mechanism involving dozens of elementary reactions. Which product channels are favored at a given position is a complex function of the reaction rates, which in turn are influenced by the chemical potential of the gases in contact with the surface. Microkinetic modeling -using a chemical kinetic mechanism composed of reactive intermediates and elementary reactions, coupled with a description of the flow field including heat-and mass-transport limitations -is a valuable tool in resolving the debate over CPO. A properly validated microkinetic model can be used not only to answer questions regarding the underlying mechanism, but it can also be used to predict product yields under new reactor conditions, potentially saving time and money. High-resolution reactor profiles can be measured via the capillary sampling technique developed by Horn et al. [16] , providing profiles of species and temperature with submillimeter resolution. The reactant conversion and product formation can be followed as a function of position, and the obtained reactor profiles can be used for testing of kinetic models. The previous work on methane CPO on Rh and Pt supported on ceramic foam monoliths [16] [17] [18] [19] gave clear evidence that both partial and complete methane oxidation proceeds in parallel in a narrow oxidation zone at the entrance of the catalyst foam. This oxidation zone is followed by a longer endothermic steam reforming zone, and at sufficiently low catalyst temperatures, water gas shift is also observed. Dry reforming does not have a significant impact. The studies found Rh superior in synthesis gas selectivity over Pt [17, 18] , and no catalyst deactivation was observed over the investigated time period. The high synthesis gas selectivity on the Rh catalyst was investigated by microkinetic modeling with consideration of transport phenomena [19, 20] . A strong transport limitation within the oxidation zone was found. It was concluded that the coexistence of H 2 and CO in the oxidation zone in presence of O 2 and at the high local temperatures is due to a strong O 2 deficit at the Rh surface. For Pt such a detailed analysis is missing so far. Recently it was suggested that the transport limitations for a Pt-coated foam monolith are less pronounced than on a Rh-coated foam monolith under similar conditions [21] . Nonetheless, a significant selectivity to synthesis gas can be achieved with the Pt catalyst in the presence of gas phase oxygen. In this paper methane CPO on Pt coated foam monoliths is investigated. A pseudo-2D heterogeneous reactor model accounting for mass and heat transport has been developed and is combined with two state-of-the-art microkinetic models. The microkinetic models are tested against high resolution spatial reactor profiles. Peculiar features in the species profiles have been investigated by spatially resolved Raman spectroscopy and electron microscopy providing new impulses for model improvements.
Experimental

Catalyst Preparation
The catalysts used in this study are Pt coated, cylindrical α-Al 2 O 3 foam monoliths with a pore density of 80 ppi (pores per linear inch). The monoliths (length = 20 mm and diameter = 16.2 mm) were prepared by incipient wetness impregnation with aqueous H 2 PtCl 6 as precursor. Prior to impregnation the foam support was cut to the desired length and a centerline channel of 1 mm diameter was drilled through the foam. The foams were washed in acetone in order to remove any residuals from the cooling fluid, then boiled in nitric acid to remove possible metal contaminations from the drilling and confectioning step. Next the support was dried and calcined at 800
• C in static air. The impregnation was done in a multi-step approach, in which the foams were soaked in the precursor solution by dropwise addition of liquid on the foams. The precursor solution consisted of 7 ml deionized water (Millipore) and the equivalent amount of H 2 PtCl 6 · 6 H 2 O (Alfa Aesar, 99.95 % purity, 37-40 % Pt content) corresponding to a nominal Pt loading of 1 wt%. The freshly impregnated foams were then vacuum dried at room temperature over night, and the procedure was repeated until the entire precursor solution had been applied. After the last drying step the foams were reduced in a tubular furnace in 7 vol% H 2 in Ar (V total = 3000 mln min −1 ) at a monolith core temperature of 500
• C for 5 h. After reduction the Pt loading was determined by gravimetry. An average loading of 1 wt% Pt was found.
Catalytic Testing
The capillary sampling technique used in the present work has been described in detail previously [16] , and only a brief summary will be provided here. The reactor uses a fused silica capillary with side orifice to sample a small gas volume from the centerline symmetry axis of the catalyst bed and to transfer it to the gas analytic devices. Here, online gas analytics were accomplished by a calibrated mass spectrometer (Pfeiffer Vacuum) operated in analog scan mode and applying the Ar peak at m/z = 40 as internal standard. The sampling capillary additionally accommodates an optical fused silica fiber with conical shaped tip connected to a two-color ratio pyrometer. The sampling capillary/pyrometer tip probe allows for simultaneous species analysis with surface temperature measurements through the catalyst bed. The catalysts were operated under auto-thermal operation conditions. In the present work two distinct catalyst foams were investigated: One foam was left intact, whereas a second foam was sliced in half lengthwise prior to impregnation (see Section 4.2 for details). Both monoliths were tested in the same way. The catalyst foam monoliths were sandwiched in between two clean 80 ppi foam monoliths of 10 mm length serving as heat shields to reduce radiative heat losses. Fig. 1 depicts the catalyst stack made up by two half monoliths prior to installation in the reactor. The catalyst stack was wrapped in a ceramic mate (3M Interam) and gas tightly fit in the center of the reactor tube. Next, the stack was heated in reaction atmosphere until reaction light-off. Subsequently, the reactor furnace was switched off and profiles were measured after the furnace temperature reached a steady state in autothermal reactor operation.
Catalyst Characterization
After catalytic testing, the foam monoliths were characterized by means of geometric, BET and Pt surface area, as well as by metal dispersion and Pt crystallite size. To determine the fluid-dynamically relevant foam surface area, i.e. geometric surface area of the struts, lab X-ray micro-computer-tomography (µ-CT) was applied. The µ-CT apparatus [22, 23] used to characterize the foam monolith consisted of a micro-focus 150 kV X-ray source with a tungsten target and a flat 120 × 120 mm 2 panel detector, both from Hamamatsu. Source and detector are static in this setup and the foam monolith was rotated by 360
• , while every 0.28 • a projection was acquired. Using the Octopus V8.5 software [24] the foam volume was reconstructed. The corresponding voxel size of the reconstructed volume is 15 µm. The geometric surface area was determined using VGStudio MAX V2.1 [25] . Because the struts of the ceramic foam are not ideally flat, but contain a certain amount of surface roughness, cracks, and fractures, the effective surface area differs by approximately one to two orders of magnitude from the geometric surface area by µ-CT [26, 27] and needs to be determined by a complementary technique. The effective surface area was therefore determined by isothermal adsorption of krypton at 77 K by the static-volumetric method (Quantachrom Autosorb-1). The accessible Pt surface area and metal dispersion were measured on coarsely crushed samples after the reaction tests by determining the hydrogen monolayer coverage capacity by chemisorption at 40
• C in a Quantachrom Autosorb-1 apparatus. How the different surface areas are utilized in microkinetic modeling is specified in Section 3. Raman spectra presented in this work were recorded by a triple filter Raman spectrometer (TriVista S&I GmbH) with a liquid nitrogen cooled CCD camera (Princeton Instruments) as detector. The spectrometer was attached to a confocal microscope (Olympus, 10× long-working distance objective), using an Ar + laser with λ = 488 nm excitation wavelength (2.2 mW on the sample). The microscope is equipped with a motorized optical table that allows reproducible positioning with µm resolution. The spectrometer was operated in triple subtractive mode and each spectrum was integrated for 10 min. A two point wavelength calibration was used (laser wavelength and firstorder Stokes phonon band of Si at 520 cm −1 ). The Raman spectra included a broad continuum like background, which was subtracted applying the method of Gornushkin et al. [28] . To add additional topographical and morphological information of the catalyst and support, scanning electron microscopy was applied to the half monolith sample, prior to and after reaction test. A Hitachi S-4800 FEG (cold) SEM was used. Due to interference by charging of the mostly insulating catalyst foams a FEI Quanta 200 FEG (hot) ESEM was used to address these perturbations, if necessary. A low vacuum with 60 Pa water pressure was applied. Both SEMs are equipped with an EDAX Genesis 4000 System (Vers. 6.1) and an energy dispersive X-ray detector. The Pt particle size was determined after reaction tests and powdering the foam monolith by full powder XRD pattern fitting using the Rietveld method. The integral breadth-based volume weighted mean crystallite size (L Vol-IB) of Pt was determined assuming that all Pt particles are spherical and single domain. The particle diameter d is given by
Powder XRD was measured on a Bruker D8 Advance theta/ theta diffractometer.
Numerical Modeling
Model Equations
To model the detailed chemistry for methane partial oxidation inside a Pt-coated α-alumina foam monolith, a pseudo-2D heterogeneous reactor model including transport phenomena is used. The system consists of three phases: a bulk gas phase, a boundary layer gas phase, and a chemically reactive surface. The coupling between chemistry and transport is modeled using a simplified system of Navier-Stokes equations for the conservation of mass, momentum, and energy, including conservation equations for N gas gas-phase species in the gas bulk and in the gas boundary layer and N surf ace surface species on the surface. Gas-phase reactions are neglected, because they are not significant at atmospheric pressure [19, 20, 29] . In the following, the bulk gas phase is denoted with no subscript; the surface is denoted with a subscript s; and boundary layer variables are denoted with a subscript bl. Fig. 2 depicts schematically the modeling domains. In this work the following simplifying assumptions have been made:
1. The gases are ideal. 2. Given the high flow rates of the gas, the radial symmetry, the small pore diameter, and the high heattransfer rates of the foam, we assume that there are no spatial gradients in the r and φ direction: ∇x = ∂xz ∂z e z . 3. There is convective transport in the bulk gas phase, but no convective transport in the boundary layer: v = v z , v z,bl = 0. 4. The boundary layer is assumed to be thin enough that the surface area of the boundary layer is equal to the surface area of the foam: A bl = A s = A. 5. The small cracks and pores within the surface are assumed to be inaccessible during operation. Consequently, the relevant surface-area-to-volume ratio, S v , is assumed to be the geometric surface-area-tovolume ratio determined from the µ-CT study. 6. The percentage of the surface area that is catalytically active, f active , is taken to be the ratio of the surface areas from the H 2 chemisorption and Kr adsorption measurements. 7. Species are transported between the bulk gas phase and the boundary layer gas phase. The mass flow rate is assumed to be proportional to the surface area times the difference in mass density across the boundary: ∼ AK k (ρ i − ρ i,bl ). 8. The mass and heat transport coefficients K k and K T across the boundary layer are estimated from the Sherwood number and the Nusselt number, respectively. 9. Only the boundary-layer gases are coupled with the surface.
10. The pressure is constant, and pressure drop along the length of the reactor is negligible. 11. The boundary layer volume is constant: dV = −dV bl = 0. 12. The boundary layer temperature is equal to the surface temperature, which is assumed to be equal to the pyrometer reading:
All equations are written on a void volume basis, and symbols are explained in the Nomenclature at the end of the document:
Equation of state:
Conservation of mass:
Conservation of momentum:
Conservation of species in the bulk gas:
y bath gas = 1 − Ngas k =bath gas y k Conservation of species in the boundary layer:
y bath gas,bl = 1 − Ngas k =bath gas
Conservation of species on the surface:
Conservation of energy in the bulk gas phase:
Conservation of energy in the boundary layer:
Conservation of energy in the surface:
The energy balances of the surface and the boundary layer are given for completeness, but not solved during profile simulation. As mentioned above, the temperature of the gas in the boundary layer is assumed to be equilibrated with the surface temperature, and both temperatures are given by the pyrometer measurement. Finally, the estimation of the boundary layer thickness and volume fraction are defined:
The simulations where performed using a FORTRAN code developed in house, which utilizes the API libraries of CHEMKIN [30] . A detailed description of the derivation of the reactor model, the numerical procedures used to solve the system of equations, and model validation against high-resolution spatial reactor profiles in catalytic carbon monoxide oxidation on Pt is subject of an upcoming paper by the authors. In this work the focus is on visualizing the capabilities of state-of-the-art microkinetic models considering transport phenomena against the recently available reactor profiles in Pt foam catalysts.
Microkinetic Models
Two state-of-the-art microkinetic models for CH 4 oxidation on Pt are used in conjunction with the reactor model outlined above. The first reaction mechanism was adapted from Deutschmann and coworkers; this mechanism was developed for modeling methane CPO on a Pt gauze [31] , and some of the rate parameters were subsequently updated to model the conversion of automotive exhaust gases on alumina-supported Pt [32] . Since the reactant mixture in this study does not contain nitrogen, reactions involving NO x were removed from the reaction mechanism, as were reactions regarding the decomposition of heavier molecular weight reactants that were not used in the present work. The resulting simplified mechanism consists of 23 reversible elementary reactions among 12 surface and 7 gas-phase species. The reaction mechanism is given in Tab. 4 in the Appendix and will be referred to in the following as Mechanism 1. The second reaction mechanism was adapted from work of Vlachos and coworkers on methane partial oxidation, combustion, and reforming. The original rate coefficient parameters were taken from [33] ; the reactions specific to synthesis gas formation were recently updated, [34] , and these updates were included. Reactions involving oxygenates, such as methanol and formaldehyde, were removed from the mechanism. Preliminary calculations revealed that inclusion of these species was unnecessary, as the corresponding rates of production were negligible under partial oxidation conditions. Including these oxygenates also adversely affected the numerical stability of the simulations. The resulting simplified mechanism consists of 32 reversible elementary reactions amongst 13 surface and 7 gas-phase species. The reaction mechanism can be found in Tab. 5 in the Appendix and will be referred to as Mechanism 2. For both mechanisms, the desorption of radicals from the surface into the gas phase was neglected, and homogeneous chemistry in the gas phase was not included. Additional catalyst key parameters for the reactor models are summarized in Tab. 1.
Results and Discussion
Microkinetic Modeling Results Compared with Experimental Reactor Profiles
With the aim of gaining mechanistic insight in the methane CPO, two chemical kinetic mechanisms have been used and are compared to the measured reactor profiles. Figs. 3 and 4 depict experimental and simulated reactor profiles measured at 2000 and 4000 mln min −1 gas feed at a C/O ratio of 1.0. The exact gas feed composition is Pt dispersion 0.6 % Solid foam volume (from µ-CT)
1.00 · 10 −6 m flow rate CH 4 steam reforming and water gas shift are coupled, yielding a flat CO profile. At 4000 mln min −1 , when the catalyst temperature is higher, exothermic water gas shift is less pronounced. Both kinetic models show significant deviations in the predicted exit gas composition compared with the experimental reactor profiles. Only the O 2 profile is, apart from the sudden change in slope, predicted by both mechanisms with quantitative accuracy. Methane conversion by Mechanism 1 and Mechanism 2 are predicted to be 33 % and 51 %, respectively, whereas the experimentally observed conversion is 63 %. The main difference between the measured and predicted profiles concerns the extent of total oxidation. Mechanism 1 overpredicts the branching fraction towards total oxidation, indicated by the high predicted selectivity to CO 2 at the expense of low selectivity to CO. Mechanism 2, in contrast, predicts the CO profile with quantitative accuracy. The H 2 selectivity however is under-predicted by both mechanisms, and the selectivity to CO 2 in Mechanism 2 amounts to almost zero. Mechanism 1 predicts water gas shift (i.e. CO + H 2 O CO 2 + H 2 ), whereas Mechanism 2 shows no water gas shift. Generally speaking, Mechanism 2 does a better job of predicting the measured profiles under most conditions. However, under certain conditions -particularly high-pressure, fuel-rich experiments -Mechanism 1 was in better agreement with the experimental data. Tab. 2 summarizes the product selectivities at the end of the catalyst section, i.e. at 20 mm axial position. At a gas feed rate ofV total = 4000 mln min −1 the oxidation zone is stretched over the length of the entire catalyst bed. For the first ≈ 6 mm, the profiles of CH 4 and O 2 are linear. After 6 mm, the net rate of reactant conversion decreases abruptly, which is exhibited as a kink in the species profiles (see Fig. 3 ). The H 2 and CO profiles diverge after this position, with higher H 2 formation rate compared to CO. The total oxidation products, H 2 O and CO 2 , form a plateau. The linearity of the initial oxidation zone has been observed on Pt catalysts before [35, 36] . Neither the linearity in the first oxidation zone suggesting an apparent zeroth order kinetic nor the kink in the species profiles can be reproduced by the mechanisms. It has been speculated that this apparent zeroth-order reaction kinetics could be attributed to a low active-site density due to blockage of the active sites by carbonaceous deposits [35] . The existence and impact of the carbonaceous deposits will be discussed in greater detail in Sections 4.2 and 4.3. With respect to the microkinetic models, neither Mechanism 1 nor Mechanism 2 includes reactions that would lead to the growth in heavier molecular weight carbonaceous species. Consequently, it should come as no surprise that neither mechanism is capable of reproducing features that might be attributable to more complex heterogeneous surface effects. Both mechanisms predict vacant Pt sites as the largest site fraction in the initial oxidation zone, which is to be expected, given the high temperatures in this region. The two mechanisms differ dramatically, however, with respect to the surface coverages of other adsorbed species (see Fig. 6 ). Mechanism 1 predicts that chemisorbed CO(s) is the next most abundant surface intermediate, and that the surface concentration of non-oxygenated carbon intermediates -CH 3 (s), CH 2 (s), CH(s), and C(s) -are orders of magnitude lower. Mechanism 2, in contrast, predicts that both CH(s) and C(s) will be present in large amounts, with CO(s) roughly oneto-two orders of magnitude lower. Perhaps significantly, Mechanism 2 predicts that methylidyne, CH(s), will become the most abundant surface intermediate (MASI) ≈ 3 mm prior to the kink. Given the large uncertainty in the rate parameters, the fact that the model predicts CH(s) as the MASI so close to the experimentally observed kink is quite encouraging. If one were to posit a sequence of nucleation and agglomeration reactions that involve the coupling of CH(s), C(s), and heavier molecular weight carbonaceous species, then it is conceivable that such a mechanism would be able to reproduce a kink or some similar discontinuity in the reaction rates due to carbon growth and site blockage. Development of such a mechanism, however, was beyond the scope of the paper. As will be discussed in Section 4.3, the dispersion of Pt along the reactor length is no longer uniform. Consequently, the fraction of the surface area that is catalytically active will change with position: f active = f (z). The exact change in this coverage, however, was difficult to quantify, and so a constant value was assumed for the simulations. Were it possible to include both carbon growth and spatial gradients in the catalyst load, then we would expect the models to perform significantly better.
Spatially Resolved Raman spectroscopy
The hypothesis that the change in the shape of the O 2 profiles was correlated with surface carbon blockage was inferred from experiments on a polycrystalline Pt foil that showed significant carbon deposition during methane CPO at 800
• C [38] . However the stagnation flow geometry of the applied reactor cell in that study cannot exclude transport limitation over the Pt foil. Therefore a low oxygen partial pressure above the surface and a correspondingly oxygen-deficient catalyst surface could be a reason for the observed formation of surface carbonaceous deposits. As mass transport is much more efficient in the Pt foam catalysts applied in this study [21] the foam catalyst was spectroscopically characterized in more detail to verify if the observation on the Pt foil can be transferred to the foam monolith catalysts. A catalyst stack was prepared, consisting of two half monoliths, both with a half centerline channel. The stack was catalytically tested analogous to the regular shaped catalyst foams. After 18 h under autothermal operation at a gas feed of CH 4 /O 2 /Ar = 592/296/1112 mln min −1 (C/O = 1.0) the reaction was shut down quickly by sudden replacing of the reactive gas feed by pure Ar of 4000 mln min −1 feed rate. Fig. 7 depicts a reactor profile measured through the half shell monoliths. Qualitatively, the species profiles exhibit the same features as observed with the intact full foam monoliths. Similar zoning is observed with a zone of fast CH 4 and O 2 conversion and formation of H 2 , CO, and H 2 O. CO 2 is again produced with low selectivity. The species profiles seem to be displaced by about 1-2 mm, and a rounded profile shape is observed both in the first millimeters and at the kink position. This spatial offset is probably due to a slight increase in the linear velocity through the foam due to the void created by the slice. Mixing between the local gas and the bypass gas could then explain the rounding of the profiles. The kink position was determined by linear fitting of the species profiles prior and after the kink position. The intercept (see Fig. 7 ) of the fitting lines is located around 5-6 mm axial position, which is in agreement with the kink position in the reactor profiles of the regular shaped foam monolith. The catalyst stack was separated after the reaction test, and Raman spectra were recorded along the centerline channel of both half monoliths. The obtained Raman spectra were normalized to the most intense Raman band of the corundum support, 420 cm −1 . Fig. 8 shows the collected Raman spectra as a function of the axial position in the foam half channel of one half monolith. Within the first 5 mm of the catalyst the Raman spectra are dominated by a noisy background signal and the weak Raman peaks of the corundum support located at 382, 420, 578, 649, and 754 cm −1 [39, 40] . At ≈ 5 mm axial position, which coincides with the sudden change in slope of all species profiles, two new bands at ≈ 1350 and ≈ 1580 cm −1 appear. As the position increases, these two peaks dominate the background signal. These two bands are characteristic for defective carbon materials such as coke or soot. The maxima are referred to as D band and G band. The G band or 'graphite peak' is assigned to the vibrational mode of in-plane bond stretching motion of sp 2 -hybridized carbon atoms with E 2g symmetry. It is characteristic for an ideal graphitic lattice [41] . The D band or 'defect peak' is a superposition of up to four peaks characteristic for disordered graphite [42] . The relative intensity and broadening of the D band compared to the G peak intensity is a measure of the structural disorder of the carbon material. If the carbon bands are broadened and overlapping the D band can be separated, following the method of Sadezky et al. [42] . The so-called D1 peak, i.e. the major peak in the D band, is associated with the A 1g breathing mode of a graphitic lattice and is assigned to carbon atoms located adjacent to lattice disturbances such as graphene layer edges [42] [43] [44] [45] . The D1 full width at half maximum has a nearly linear negative correlation with the abundance of elemental carbon in a carbonaceous material [46, 47] . Three other peaks are described to contribute to the D band shape and intensity. The D3 located at ≈ 1500 cm −1 originates from amorphous, molecular carbon species [42, [48] [49] [50] . The D4 peak located at ≈ 1200 cm −1 is assigned to sp 2 -sp 3 bonds or C-C or C=C stretching vibrations of polyene-like structures with A 1g symmetry [42, 48, 49] . The D2 peak also exhibits a shoulder at ≈ 1620 cm −1 . It is assigned to a lattice vibration analogous to the G band but involving vibrations of surface graphene layers [42, 45] . The carbon bands observed in this study are non-overlapping, which is consistent with a structured carbon material. The D3 band intensity, which is a good measure for the amorphization of a carbon material is absent in the apparent dataset. The G band shows a shoulder centered at 1617 cm −1 indicating a fraction of graphene-like fragments on the catalyst. In summary, although a quantitative interpretation of the Raman intensities is difficult, it can be concluded that carbonaceous deposits are formed in the reaction zone following the kink position, and that their relative abundance increases towards the end of the catalyst. Additionally, the absence of gas-phase oxygen favors the formation of carbonaceous deposits. In agreement with our earlier study on a polycrystalline Pt foil [38] , the carbon species exhibit a graphitic nature that is resistant to steam reforming.
Spatially Resolved SEM
The foam half monoliths were additionally investigated using electron microscopy to characterize the catalyst surface morphology. The SEM study was done prior to and after the reaction to compare between the as-prepared catalyst with the used catalyst. The first noteworthy observation is a strong redistribution/dispersion of the metal particles after the reaction test. Fig. 9A and 9B represent typical Pt agglomerates as they were present over the whole half monolith after preparation. The preparation method resulted in a rather inhomogeneous metal distribution, with patches of high metal particle density next to bare positions. After the reaction test the Pt agglomerates disappeared, and roughened corundum crystallites (Fig. 9C) remained. Higher magnification, as depicted in Fig. 9D , shows that although some Pt is still present at the original position, the particle size has decreased considerably and a lot of Pt is transported away. Reviewing the literature, it is speculated that the loss of Pt metal is due either to transport as volatile PtO 2 in the presence of oxygen [14, [51] [52] [53] , or by catalytic restructuring proceeded by the formation and decomposition of short-lived radical species that interact with the Pt particles [14, 54] .Three different sections could be identified in the used half monolith, which are represented by the electron micrographs of Fig. 11 . Fig. 11A presents a composite image of the entire half monolith; note that the reactor inlet, corresponding to z = 0, is at the bottom of the image. Electron micrographs we recorded along the centerline channel. After the reaction test no large agglomerates of Pt could be found. Up to an axial position of ≈ 5 mm the catalyst material was found to be clean, with only small Pt particles covering the corundum crystallites (Fig. 11H, 11I, and 11J) . Filament-like carbon species are found throughout the intermediate zone, corresponding to the kink position at ≈ 6 mm and continuing up to ≈ 15 mm (Fig. 11E) . Increased magnification reveals that the carbon filaments are directly attached to Pt particles (indicated by arrows in Fig. 11F ). The final section corresponds to the last ≈ 5 mm of the catalyst monolith. Within this section, the carbonaceous deposits have agglomerated into roundish particles that cover the entire support surface. The sharp edges of the corundum crystallites as observed in the oxygen rich catalyst section are blurry and are barely visible due to the carbon encapsulation on top. The carbon spheres exhibit an eggshell structure enclosing Pt particles (Fig. 11C arrows) . An other interesting finding regards the Pt particle size. The overall integral breadth-based volume weighted mean Pt crystallite size was determined on a series of seven powdered catalyst monoliths coated with a nominal Pt loading of 1 wt% and amounts to 46±8 nm (see Tab. 3). The particle size distributions for the BSE images in Fig. 11D, 11G , and 11J are given in Fig. 10 . In all three images the most abundant Pt particle diameter is roughly 45 nm independent of the axial position. A closer inspection, however, yields some interesting differences. First, the number of particles smaller than 35 nm increases along the length of the reactor. Second the number of particles greater than 150 nm is largest at the end of the reactor. Taken together, the SEM and XRD results confirm that both the particle size distribution and the total Pt loading have (9) 42 (2) 1.1 #10254 3.92731 (8) 50 (3) 1.1 #12357 3.92558 (7) 60 (4) 1.0 #12358 3.92618 (8) 46 (10) 1.1 #12359 3.92483 (14) 30(2) 1.1 #12360 3.92760 (9) 49 (3) 1.1 #10774 3.92700 (10) 44(3) 0.9 been changed by the reaction, and both properties are now functions of position, as seen in Figs. 11D, 11G , and 11J. Although neither the mechanism nor the rate of the catalyst transport can be determined at this time, it is clear nonetheless, that the Pt particles are redistributed prior to and/or during operation. Pt is transported from the front of the foam support -where the temperatures are highest -to the cooler, post-oxidation zone at the rear of the foam.
Conclusion
Spatially resolved high-resolution reactor profiles of species concentrations and catalyst surface temperature in autothermal methane CPO on Pt are presented. The measured profiles exhibit a two-zone structure. In the first zone, the rate of reactant conversion is fast and linear. In the second zone, the reaction rates are considerably slower, and the sharp decrease in net rates results in a kink in the species profiles. Post-reaction characterization of the catalyst by Raman spectroscopy and electron microscopy revealed that the Pt distribution changed when compared to the freshly prepared monolith. Characterization of the foam prior to reaction revealed islands of Pt particle agglomerates, but after several hours on stream, these Pt islands were re-dispersed. In the front of the foam where oxidation rates are highest, the large Pt agglomerates have disappeared, and only small Pt particles remain. In the post-oxidation zone where O 2 partial pressure is lowest, the catalyst surface is enriched by larger spherical Pt particles covered with carbon deposits. These results clearly demonstrate that Pt is transported during operation from the hot catalyst front to the catalyst back. The kink position is correlated with the formation of carbonaceous deposits. The morphology of the carbon material changes from filament-like to a mixture of thickened filaments and large roundish agglomerates. Towards the end of the reactor, the Pt particles are embedded in the carbon material. The measured profiles are compared with predicted profiles from a pseudo-2D heterogeneous reactor model that couples heat and mass transport limitations with detailed chemical kinetics. Two state-of-the-art microkinetic models taken from the literature are used: Mechanism 1 (developed by Deutschmann and coworkers [31, 32, 37] ) and Mechanism 2 (developed by Vlachos and coworkers [33, 34] ). Although the model profiles are correct with respect to O 2 , the product profiles differ considerably. Mechanism 1 underpredicts methane conversion and overpredicts the branching fraction towards total oxidation. Mechanism 2 is in better agreement with the measured profiles, but it consistently underpredicts the rate of water gas shift. Although both models predict a high concentration of vacant sites in the initial oxidation zone, the two models differ significantly in their prediction of the surface coverages. Mechanism 1 predicts that CO(s) is the next most abundant surface species, whereas Mechanism 2 predicts high coverages of CH(s) and, to a lesser extent, C(s). Since neither mechanism includes a submechanism for carbon growth, it is not surprising that the simulations fail to predict the kink in the measured profiles. Nonetheless, the transition from a largely vacant surface to a surface covered with CH(s) predicted by Mechanism 2 coincides remarkably well with the kink position and formation of carbonaceous deposits. The disparities between the measured and predicted profiles indicate the need for further work in chemical kinetic mechanism development. The reactions that lead to the formation and agglomeration of carbonaceous species in low-O 2 environments is critical. 
Acknowledgements
Geometric foam surface area to total gas-phase volume, m −1 A (from µ-CT)
Geometric surface area of catalyst foam, m 2 l =
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Boundary layer thickness, m
Volume fraction of bulk gas, m 3 m −3
Foam porosity, with
Ratio between atomic carbon and oxygen in gas feed κ Extinction coefficient, 2550 m −1 [19] b The coverage dependency of this species is not used. Preliminary calcuations demonstrated that the surface coverage was too low to matter, and that including it led to significant numerical instabilities.
c Here the parameters from the Vlachos mechanism are used, because the original Deutschmann reaction rate from [32] is suspiciously high and led to numerical instabilities.
d The desorption rate constant as written leads to numerical instability. To obtain a converging solution, the rate constant for desorption was obtained directly from the equilibrium constant, as detailed in [55] . 
